ABSTRACT This paper presents novel algorithms for vibration control of the in-wheel motor (IWM) driven electric vehicles to improve its ride comfort and reduce IWM vibration. A quarter vehicle model is first developed based on a dynamic vibration absorbing structure (DVAS) driven by a switched reluctance motor (SRM). This model considers the coupled longitudinal-vertical dynamics and the unknown road profile as well as the unbalanced electromagnetic force induced by the SRM are treated as the excitation. The dynamics and boundary models of two commercially available semi-active dampers are then presented, which are used as the actuators of both the suspension and the DVAS structure. Based on the developed model, a hybrid controller with a hybrid acceleration driven damping algorithms is proposed to reduce the vibration of the sprung mass and the SRM. The controller parameters are subsequently determined by solving the multi-objective optimization problem with a multi-objective evolutionary optimization method. Numerical simulation results for random road and bumpy excitations are analyzed, and multi-body simulation is finally performed to validate the feasibility of the proposed controllers. Results indicate that the proposed hybrid controllers can effectively improve ride comfort and reduce the SRM vibration compared with the traditional suspension system with IWM.
I. INTRODUCTION
More strict vehicle emission standards and ful requirements for the traditional vehicle have paved the way to the development of electric vehicles (EVs) [1] , [2] , and dynamics control for EVs attracts much attention from both the automobile industry and academia in recent years [3] - [7] . EVs replace internal combustion engine with one or more motors, and it can be categorized into two main groups, namely, centrally driven and in-wheel motor (IWM) driven from the perspective of propulsion system [8] . Compared to the centrally driven, the IWM driven type introduces several advantages, including space and weight saving, fast system response, high energy efficiency, and flexible configuration [9] .
Nevertheless, the performance of motors installed inside the wheels are severely constrained by the limited wheel hub space, and the increased unsprung mass will not only deteriorate ride comfort and road handling, but also reduce the lifespan of the motors due to the harsh vibration environment [10] .
Contrasted with the suspension system of traditional vehicles, the suspensions of IWM driven EVs evolve into the coupled IWM-suspension system by integrating the functions of both vibration reduction and vehicle driving, and the unbalanced electromagnetic force (UEMF) caused by the air gap variation becomes an extra internal vibration source for the IWM-suspension system [11] . The IWM-suspension mutual effects between the IWM and the suspension thus deserve further investigation. To date, various methods have been proposed to reduce IWM induced vibration and improve the dynamic performances of the IWM driven EVs. From the perspective of IWM control, Takiguchi et al. [12] used a current control algorithm to reduce the amplitude of the radial force. Sun et al. [13] improved suspension vertical responses during the IWM starting process with a modified current chopping controller. As for the suspension subsystem, the concept of dynamic vibration absorbing structure (DVAS) was proposed to improve IWM-suspension vertical responses. Hredzak et al. [14] and Nagaya et al. [15] connected the stator to either sprung mass or unpsprung mass with the DVAS, and numerical simulation results showed that such novel structure could improve vehicle ride comfort and road handling. Nevertheless, these research did not consider IWM and longitudinal dynamics. Qin et al. [11] presented a comparative study for different types of DVAS with the previously neglected motor dynamics and showed that by placing the DVAS between the stator and the unsprung mass, the system could achieve better performance. As noted by the papers above, the application of the DVAS introduces extra spring-damper components and forms a novel multiinputs suspension system from the perspective of system control, which brings new challenges for vibration reduction of IWM driven EVs. By now, however, literature related to DVAS based IWM-suspension mainly focus on the suspension parameters optimization, and further improvement of the novel system is highly desired.
The controllable suspension system, which can be categorized into active and semi-active control, is considered as one of the most effective ways to improve vertical dynamics of the suspension system, and many remarkable works had been done in this field during the past two decades [16] - [21] . In recent years, active suspension system has been theoretically studied for IWM-suspension system. Shao et al. [22] and Wang et al. [23] synthesized active control force with H∞ theory, and simulation results showed considerable performance improvement. As the object used in these research was the traditional suspension model with only increased unsprung mass, the generated controller required to be improved for the real IWM-suspension system, which contains UEMF and longitudinal dynamics.
To solve the problems above and improve dynamic performances of IWM driven EVs, this paper presents two semi-active control algorithms for the novel DVAS based IWM-suspension system. Considering the dimension limits of the DVAS, two commercially available semi-active dampers are adopted as the actuators, and the contributions of this study can be concluded as follows:
• A DVAS based IWM-suspension system model with the motor and coupled vertical-longitudinal dynamics is developed, and semi-active control strategies are proposed to improve model vertical dynamic performance.
• The semi-active control force is allocated and realized by two commercially available controllable dampers located between the suspension and the DVAS, and a novel acceleration driven damping control strategy is proposed to reduce the required sensor number.
• The feasibility of the proposed model and semi-active suspension control algorithms is studied and validated by a multi-body simulation (MBS) software.
The rest of this paper is organized as follows: firstly, the SRM model is presented in Section 2. The DVAS based IWM-suspension system model, longitudinal dynamics, and controllable damper models are then introduced in Section 3. The proposed hybrid suspension controllers are illustrated in Section 4. Numerical simulations and MBS validations are carried out in Section 5. Conclusion and future work are discussed at last.
II. SRM MODELING
Commonly used IWMs include permanent magnet synchronous motor (PMSM) [24] and switched reluctance motor (SRM) [25] . PMSM has many advantages and is widely used in EVs. However, SRM is viewed as a strong candidate for IWM driven EVs shortly because of its merits, e.g., the dispensation of permanent magnets, firm and straightforward structure, and fault tolerance [10] .
This section presents a Fourier series based nonlinear SRM model, and formalizes the output torque and the UEMF of the SRM.
A. ELECTROMAGNETIC AND VOLTAGE EQUATIONS
An 8/6-four phases SRM with an exterior rotor is adopted as the object in this paper, and its rated power is 5kW. The schematic of the SRM is shown in Fig. 1 . The rotor is fully aligned to the stator pole when the rotor position θ= 30
• , and θ= 0 • corresponds to the fully unaligned position.
The magnetic co-energy is defined as:
where i is the phase current and ψ (θ, i) is the flux linkage. Considering that both i and inductance L (θ, i) determine ψ (θ, i), this paper uses Fourier series based method to express L (θ, i). By considering the first three terms of the Fourier expansion, the inductance L (θ, i) can be written as [26] :
where L 0 , L 1 , and L 2 are functions of the current i, which can be calculated according to:
where L a , L u , and L m are the inductance of the aligned position, the unaligned position, and mid-way position, respectively. L a (i) and L m (i) can be fitted by two coefficients:
According to Faraday-Lenz Law, the flux linkage can be expressed as ψ (θ,
Then by defining c n = a n−1 /n and d n = b n−1 /n (c 0 = d 0 = 0), the flux linkage of any phase k can be calculated as:
With the flux linkage given in (5), the voltage of phase k can be expressed as follows [27] :
where w is the angular velocity of the rotor. The phase current i k can be formulated based on (6):
B. ELECTROMAGNETIC TORQUE AND UEMF
Since the co-energy equals to the mechanical energy, the torque T and the radial force F r of a SRM can be calculated based on the co-energy defined in (1):
where l g is the air gap between the stator and the rotor as shown in Fig. 1 . The phase k torque of the SRM can be formulated by combining (8) and (5), as follows:
where e n and f n are defined as:
Then, the total torque is defined as T overall = 4 k=1 T k . Similar to the torque, the phase k radial force can be calculated as [27] :
where δ is the overlap angle between the stator and the rotor of the investigated phase k. Note that the radial force is inversely proportional to the air gap l g , which means the air gap variation between the opposite stator poles will result in the UEMF and affect vehicle system responses. Considering the air gap eccentricity ε, the SRM radial force is depicted in Fig. 2 , and the overall vertical UEMF can be expressed as [11] :
where β k is the angle between the stator phase k and the vertical axle, and
• , and β 4 = 135 • . Previous research indicated that the presence of the UEMF will mainly influence the vibration of the unsprung mass [11] .
III. SUSPENSION MODELING
This section successively introduces the DVAS based suspension system, longitudinal dynamics, and controllable damper models.
A. DVAS BASED SUSPENSION SYSTEM
The structures and the superiorities of the DVAS based suspension system has been well studied in [11] . According to the results, this paper uses a tire type DVAS based suspension as the object and its configuration is depicted in Fig. 3 . The dynamics of both passive and DVAS based suspension systems can be described by Newton's motion law, as following:
where x * represents displacement, and the subscripts b, sa, wa in Fig. 3 (a) refer to the sprung mass, the total mass of the stator and the axle, and the rotor mass, respectively. As for the DVAS based IWM-suspension system, the subscripts s1, r, s stand for the total mass of the unsprung component and axle, the rotor mass, and the stator mass, respectively. x z is road unevenness. In Fig. 3 , F d = F uv is the vertical UEMF, and the values of all other parameters in (13) and (14) will be discussed later. The DVAS in Fig. 3 (b) connecting the axle and the stator, is composed of a spring and a damper. The connection indicates that the DVAS can vertically support the stator and reduce the vibration caused by road unevenness. The physical realization will be discussed in the next step. This paper will then synthesizes two time-varying controllable damper force to replace the passive force appearing in both the suspension and the DVAS, i.e., c s (
B. LONGITUDINAL DYNAMICS
The torque generated by the SRM will drive the vehicle forward and backward. The rotational dynamics of the driving wheel is given below [28] , [29] :
where J is the wheel inertia; ω r = w is the wheel angular velocity; T wheel = T overall is the overall torque generated by the SRM; r is the tire effective rolling radius, and F x is the longitudinal force generated by the friction between the tire and ground. In this paper, the Magic Formula is used as the nonlinear tire longitudinal model, and the parameters of the model are derived from a Michelin MXV8 205/55R16 tire [30] , [31] .
With the longitudinal tire force F x , the vehicle longitudinal dynamics equation can be expressed as: (16) where M is the total mass; v represents velocity velocity. F air corresponds to the aerodynamic drag force, and R x stands for the rolling resistance. Both F air and R x can be calculated as:
where C D , A, and µ represent the drag coefficient, vehicle frontal area, and rolling resistance coefficient, respectively. F n is the vertical load, which can be expressed as [32] :
Generally, the road unevenness results in the airgap variation, which induces the UEMF and deteriorates IWM-suspension system vertical responses. Meanwhile, the torque generated by the SRM balance the forces caused by air motion and road friction in the longitudinal direction. More details on the vertical-longitudinal coupled dynamics, refer to [11] .
C. CONTROLLABLE DAMPER MODEL
Different kinds of controllable dampers have been developed to mitigate system vibration, and they have been commercialized in numerous mid-to-high end vehicles, including Cadillac Seville STS, Acura MDX, and GM-Lacrosse, etc. [33] , [34] . Among all damper categories, both magneto-rheological (MR) and proportional valve are the most frequently used types in the automobile industry [33] . This paper uses these two types of controllable dampers to improve system performance. A continuous damping control (CDC) damper from ZF Sachs is used to generate the suspension controllable damper force [33] , and a smaller MR damper from Lord is utilized in the DVAS due to the limited space. The suspension damper force F cs and DVAS damper force F cd can be formulated as:
Many methods like Bouc-Wen and polynomial models can be used [35] - [37] to accurately depict such functions, and this paper adopts a nonparametric model [38] , in which the controllable damper force is expressed as: (20) where n is the function order, and this paper uses n = 2. a n and b n are coefficients to be determined, and i is the control current. This paper applies particle swarm optimization (PSO) to estimate all the unknown coefficients in (20) , based on which the control current can be expressed as i = f −1 F damper , v relative and calculated. For more details, refer to [33] . The two adopted controllable dampers are modeled based on the above equations, and the load frame with the mounted MR damper is shown in Fig. 4 (a) along with the velocity-force map depicted in Fig. 4(b) . Note that the damper dynamics depicted in (20) do not constrain the output force. The calculated force may be unrealizable and thus results in excessive or negative control current. A damper boundary model derived from Fig. 4(b) is also applied in this paper [33] , as shown in Fig. 5 . The relationship between the boundary model and the damper model in (20) will be illustrated in the next section.
IV. DVAS BASED SUSPENSION HYBRID CONTROL
To evaluate controller performance, this section first treats suspension control as a multi-objective optimization problem (MOOP), and then develops a hybrid controller for the multi-inputs DVAS based suspension system. A novel hybrid acceleration driven damping (hybrid-ADD) algorithm is then proposed to reduce the total sensor number. This section finally uses a multi-objective evolutionary based optimization method to compute the controller parameters. 
A. MOOP FORMULATION
The purpose of suspension design is to find the balance point among multiple objectives, and previous research always treated suspension system control as a MOOP under the constraint of rattle space [16] , [39] , [40] . For the IWMsuspension system, the induced vibration from the SRM will not only deteriorate the suspension system performance but also result in premature fatigue failure and damage components like bearings and gears [41] . To improve ride comfort and reduce motor vibration for the novel IWM-suspension system, the MOOP to be solved is defined as (21) .
where P ∈ is the controller parameters to be designed. σẍ b is the root mean square (RMS) of the sprung mass acceleration (SMA), which represents the ride comfort. σẍ s stands for the RMS of the stator acceleration (SA), corresponding to the vibration condition of the SRM. RS, air, and TD are the rattle space x b − x s1 , air gap between stator and rotor x s − x r , and tire deflection x s1 − x z for the DVAS based structure shown in Fig. 3 (b) , respectively. Note that both constraints of RS and air are used to prevent the masses from hitting the limits, and lim (TD) is used to ensure the tire keep contacting the ground, which is viewed as the criterion of the road handling ability. The three constraints are defined as lim(RS) = 0.1m, lim(air) = 0.001m, and lim(TD) = 0.018m [11] . Based on the MOOP, the goal of the controllers can be concluded as to balance the performance of the ride comfort and stator acceleration by maintaining RS, air, and TD within the constraints.
B. HYBRID CONTROL ALGORITHM
As the most classical semi-active control algorithm, skyhook control was proposed to reduce vehicle chassis vertical vibration by virtually linking the vehicle sprung mass to the sky [42] . Groundhook control performed in the dual way to the skyhook algorithm to improve road handling ability [43] . By combining the advantages of these algorithms, a hybrid control was then presented, which was realized by a single controllable damper placed between the sprung mass and the unsprung mass [39] . Similar to the traditional hybrid control, the ideal structure of the novel hybrid controller for the formulated DVAS based model (14) is proposed to reduce the sprung mass acceleration and the stator acceleration (21), as shown in Fig. 6 . It can be seen from Fig. 6 that the ideal structure requires two virtual dampers with coefficients of c sky and c grd connecting to the sky and the ground, respectively. Since the framework described above is theoretically impossible, this paper uses the control laws of both skyhook and groundhook control to mimic the behaviour of the virtual damper. Different from the traditional suspension system, the extra controllable damper located inside the DVAS makes the imitation by two controllable dampers possible, and the force conflict issue appeared in the traditional hybrid algorithm is solved by the proposed method. The control laws of the novel hybrid suspension control can be expressed as:
where c cs and c cd are skyhook and groundhook control coefficients, which will be selected in the following section to replace the passive dampers, i.e., c s and c d in Fig. 3(b) .
C. HYBRID-ADD CONTROL ALGORITHM FOR IWM-SUSPENSION SYSTEM
The novel IWM-suspension system defined by (14) suspends the SRM with the dynamic absorbing structure, based on which the proposed hybrid controller (22), (23) requires more responses to be measurable compared to the traditional hybrid control. It can be seen that the proposed controller needs the velocities of the sprung mass x b , the rattle space x b − x w , the stator x s , and the DVAS displacement x s −x s1 . Since these velocities cannot be directly measured, one way is to place two accelerometers on the sprung mass and the stator, and use two LVDTs to measure the rattle space and the displacement of the DVAS. The four required velocities can then be derived by integrating the accelerations and calculating the derivate of the displacement. Considering the inner space limitation of the DVAS and the requirement of multiple sensors (totally 16 sensors are required for a full vehicle driven by four IWMs), this paper further presents a more straightforward algorithm, named hybrid acceleration driven damping (ADD) control, to reduce the system vibration. ADD was first proposed by Savaresi et al. [44] and can provide better performance beyond the sprung mass resonance frequency. The hybrid-ADD control law can be described by (24) .
where c min−ADD , c sky−ADD , c grd−ADD , and α are positive constants to be designed. It can be seen from (24) that the hybrid-ADD is very simple, which uses onlyẍ b ,ẋ b ,ẍ s , andẋ s . Since the velocities can be obtained by numerical integration of the corresponding acceleration signal, only two accelerometers mounted on the sprung mass and the stator are required, and a total of 8 accelerometers is needed for a full vehicle driven by four IWMs.
D. CONTROLLER PARAMETERS OPTIMIZATION
Previous research showed that the parameters play an important role in the semi-active control strategies [33] , and an analytical expression based controller parameter selection method performed well for the linear suspension VOLUME 6, 2018
system [39] , [45] . As for the nonlinear suspension system, the inherent nonlinearities, time delay, and uncertainties make the above method impractical. The evolutionary algorithms (EA) are thus proposed to overcome the above limitation. Since most EAs are based on Monte-Carlo method, this paper uses a recently published method, named multiobjective evolutionary algorithm based on decomposition (MOEA/D) [46] , to solve the MOOP given in (21) . MOEA/D decomposes a MOOP into several multiple sub-optimization issues, and can produce the optimized results with a uniform distribution by a small population size. Therefore, the computational complexity of MOEA/D is much smaller than other EAs. MOEA/D uses the scalar aggregate functions (SAF) to define the neighborhood relations of the optimization subproblems, which are evaluated based on the relative distance. One advantage of MOEA/D is that the optimal solution of any two adjacent sub-problems are similar, and each sub-problem only uses the adjacent information. Considering the objective functions and the constraints given in (21), the flow chart of the MOEA/D is shown in Table (1) .
The concept of penalty function is used in this paper to deal with the constraints shown in (21) [47] . For a solution x to the MOOP that meets the constraints, its constraint violation degree is defined as [48] :
where g j (·) is the j th constraints. For the P r defined in Step 5, we set:
The threshold value τ is defined as:
The g te (·) in Step 8 is then defined as:
It can be observed from (25)- (27) that the penalty function can automatically search the feasible region, and the function value will increase sharply when Z (x) exceeds the threshold τ , which ensures the system responses will not violate the constraints defined in (21).
V. NUMERICAL SIMULATION
This section first introduces the simulation settings, and then compares the numerical simulation results for different IWM-suspension structures under random and bumpy road excitations. A multi-body software (MBS) validation is presented at last to illustrate the feasibility of the proposed controllers. 
A. SIMULATION SETTINGS
Based on the created damper model and the developed controllers, the overall control structure can be depicted in Fig. 7 . This structure includes three parts, namely semi-active suspension, semi-active hybrid controller, and parameters optimization. Note that the optimization part generates the optimized controller parameters off-line and prestores them in the ECU for further application. In the semi-active hybrid controller part, the stored parameters and the states obtained from the plant are taken as the controller input, and the controller generates control force F. Then, both the boundary and the current model output realizable control force and current i. The damper model given in (20) finally synthesize the control force to improve the IWM-suspension system dynamics responses.
In this paper, the weights of g 1 (P) and g 2 (P) are set to be identical, which means the ride comfort and the vibration of SRM have the same importance. This assumption provides a fair comparison of the different structures and controllers. The fixed system parameters are shown in Table 2 [11].
The controller parameters are then optimized based on the above assumption, and Table 3 shows the optimized values. With the ranges shown in the third column, MOEA/D generates the optimized values as shown in the fourth column. It can be seen that all of the optimized values satisfy the constraints.
The numerical simulation results are carried out under two different road excitations. For the random road excitation, the vehicle is traveling at 60 km/h on ISO road level B. In terms of the generation of random road profile, readers can refer to [49] - [51] . The bump input is defined according to [52] , where v is the vehicle velocity:
For the sake of the simplicity, all the four IWM-suspension structures are named as: 1) Passive: the conventional IWM-suspension system described by (13); 2) DVAS: the DVAS based IWM-suspension system described by (14); 3) Hybrid: DVAS based IWM-suspension system with controller defined by (22) , (23); 4) Hybrid-ADD: DVAS based IWM-suspension system with controller defined by (24) .
B. SIMULATION RESULTS UNDER DIFFERENT ROAD EXCITATIONS
Simulation results for random road excitation are tabulated in Table 4 , and PSD comparison is depicted in Fig. 8 . According to Table 4 , it can be observed that all three suspension systems with the DVAS can improve both ride comfort and reduce motor vibration. Application of the DVAS structure can reduce 31.3% of SMA, and 61.9% of SA compared to the passive structure. For the two types of controllers, the hybrid controller can further achieve 8% improvement in SMA, and 2.6% improvement of SA w.r.t. the DVAS. As for the hybrid-ADD, 8.8% improvement in SMA w.r.t. the DVAS can be observed, and the improvement on the SA is negligible. The results indicate that the two proposed controllers can improve the ride comfort and maintain the same level of SA for the IWM-suspension system. Note that although the SA of hybrid-ADD is worse than hybrid, the improvement in the SMA and less sensor number requirement are the advantages of the proposed hybrid-ADD. For RS, it can be seen that the VOLUME 6, 2018 three DVAS based systems perform worse than the passive one, which means the novel structure will deteriorate the RS response. Besides, TD comparison result shows the three structures with DVAS have a better road handling ability, and the conclusion that the DVAS structure can effectively reduce tire dynamic loading can be drawn. Of the three DVAS based IWM-suspension systems, we can see that the hybrid controller outperforms the rest on the Airgap, while the difference between the hybrid-ADD controller and the DVAS is not apparent. This result can be interpreted as the hybrid controller can reduce the vibration of the SRM better than the hybrid-ADD controller and the DVAS structure, which can also be seen from the SA comparison.
As for the PSD comparison shown in Fig. 8 , it can be seen from the upper figure that all three DVAS based IWM-suspension systems can reduce SMA amplitude in the whole frequency domain. For the frequency range with which human beings are most sensitive, i.e., 4-8 Hz, both the hybrid and hybrid-ADD controllers outperform the other structures, which means better ride comfort can be expected with the proposed algorithms. In the case of the SA, the lower figure in Fig. 8 shows that all DVAS based systems can remarkably reduce vibration amplitude, and the differences of these three structures are not noticeable.
The simulation results for bumpy input are shown in Fig. 9 . We can see from the SMA comparison results that the three DVAS based structures have a smaller SMA amplitude than the passive one, and both the hybrid and the hybrid-ADD controllers have the smaller convergence time. As for the SA depicted in the lower figure, the difference of all four systems is not distinct. The reason of this is that the bumpy input with the velocity v=40 km/h results in a single frequency excitation with the amplitude appearing at 6 Hz, and the PSD comparison shown in the lower figure of Fig. 8 indicates that all four systems perform similarly at this frequency.
To ensure system responses satisfy all the constraints defined in (21) , system responses of RS, Airgap, and TD are shown in Fig. 10 . Results show that all three responses do not violate the constraints, which means the proposed controllers settle the MOOP.
C. MBS VALIDATION
Numerical simulation results have shown the superiority of the proposed controllers over the traditional ones. Note that the simplified models defined by (13) , (14) provide only the dynamic relationships of different masses, and it is of great importance to validate the feasibility of the proposed controller by fully considering the interactions between the SRM and the suspension system. In this part, this paper creates a multi-body model of the DVAS based IWM-suspension system, and then validates the proposed controllers in LMS-Motion software. Inspired by [53] , the created model is shown in Fig. 11 . As can be seen from this figure, a hole in the axle (11) along with a linear bearing (10) allow vertical movement of the guide bar (8) , which suspends the SRM on the axle. Both the spring (9) and the controllable damper (12) installed between the stator and the axle form the DVAS. A set of Oldham coupling, i.e., (3) and (4), is installed between the rotor (6) and the rim (2) to allow the relative vertical movement and maintain the equal angular speed for the stator and the rotor.
The model shown in (14) is first validated with the multibody model under road excitation of ISO-C, 60 km/h, and the comparison results of SMA and airgap are given in Fig. 12 and 13 . The time window length is set to be 4 s in Fig. 12 for better comparison. It can be seen from Fig. 12 that the difference between the dynamics representing by (14) and the LMS model is not apparent.
As for the PSD comparison shown in Fig. 13 , we can see that the difference of the airgap around the unsprung mass resonant frequency is obvious. This phenomenon can be interpreted as the result of the unmodeled rotating components and the inertia of the rotor and connections. Since the overall trend of both the responses is the same as shown in the lower plot of Fig. 12 , it introduces that the created dynamic model can accurately depict the characteristics containing in the coupled dynamics. VOLUME 6, 2018 The PSD comparisons of different controllers in the MBS are depicted in Fig. 14 . In the upper plot of Fig. 14 , It can be seen that the two proposed controller outperform the DVAS, especially in the frequency range of 4-8 Hz, which stay the same with Fig. 8 . As for the SA comparison, The difference of all three DVAS based structures are not apparent, indicating the proposed controllers can retain the improved stator acceleration compared to the passive structure without the DVAS.
VI. CONCLUSION
This paper presented theoretical and simulation studies for IWM driven EVs to reduce the vibration caused by unknown road disturbance and SRM induced UEMF. Based on the DVAS structure, novel yet simple hybrid control algorithms were proposed for the IWM-suspension system. Different from the previous hybrid controller used in the traditional suspension system, the proposed algorithms had multiple inputs, and two commercially available semi-active dampers were used to reproduce the virtual behavior of the dampers. A novel hybrid-ADD controller was presented, which used only half of the sensors compared to the previously proposed hybrid controller. Numerical simulation results showed that the DVAS structure can improve ride comfort and IWM vibration compared to the IWM driven EVs without the DVAS, and both the hybrid and the hybrid-ADD controllers can further improve SMA. A multi-body IWM-suspension model was finally created in LMS-Motion software, and the simulation results proved the feasibility of the novel control algorithms.
Further research will focus on the following three aspects:
• Application of advanced control strategies;
• Usage of active actuators in the novel structure;
• Experimental validation for the DVAS based IWM-suspension system. 
